Biological hydrogels, e.g. bacterial cellulose (BC) hydrogel, attracted increasing interest in recent decades since they show a good potential for biomedical engineering as replacements of real tissues thanks mainly to their good biocompatibility and fibrous structure. To select potential candidates for such applications, a comprehensive understanding of their performance under application-relevant conditions is needed. Most hydrogels demonstrate time-dependent behaviour due to the contribution of their liquid phase and reorientation of fibres in a process of their deformation. To quantify such time-dependent behaviour is crucial due to their exposure to complicated loading conditions in body environment. Some hydrogel-based biomaterials with a multi-layered fibrous structure demonstrate a promise as artificial skin and blood vessels. The results show a good potential to use a fraction-exponential model to describe such behaviour of multi-layered hydrogels, especially at stages of stress decay at low forces and of stress equilibrium at high forces.
Introduction
Some biological hydrogels such as bacterial cellulose (BC) hydrogel (Fig. 1a) , have been extensively studied mainly thanks to their promise as replacements of real tissue in biomedical engineering [1] . Biologically, they demonstrate good biocompatibility making it possible to provide suitable interactions with adjacent tissues when introduced into body environment [2] .
Structurally, hydrogels mostly consist of a fibrous network embedded into interstitial water that mimics architecture of load-bearing components of some real tissues [3] . Mechanically, hydrogels should provide deformational behaviour similar to that of real tissues under relevant conditions [4] .
BC hydrogels synthesized by certain groups of bacteria (e.g. Acetobacter, Rhizobium, Agrobacteriumand and Sarcina). High-crystalline long fibres naturally bonded by surrounding water molecules with hydro-bonds are randomly distributed in fibrous layer (Fig. 1b) with a small group of cross-links to form multi-layered structure along through-thickness direction (Fig.   1c ). Their excellent biological properties and structural features make them a good potential candidate for various applications, including an implant replacement of human tissues (e.g. ear cartilage [5] , cornea [6] , skins [7] , blood vessels [8, 9] , etc.) and a use as a scaffold material for both BC-based bio-composites (e.g. BC/fibrin composite for artificial blood vessel [10] , BC/polyvinyl alcohol composite for artificial heart-valve leaflets [11] , etc.) and in-vitro tissue regeneration (e.g. cortical bone [12] , muscle [13, 14] , peripheral nerves [15] , etc.). Still, the incomplete knowledge of their mechanical characteristics, especially time-dependent behaviour, complicates understanding of their performance under various loading conditions.
Most biomaterials demonstrate time-dependent behaviour mainly thanks to viscous contribution of liquid content; this is true for BC hydrogels. A comprehensive understanding of such behaviour is crucial since they are expected to be exposed to complex loading conditions of body environment [16] . Several experimental studies were performed to characterise viscoelastic properties of biological hydrogels. As an example, stress-relaxation indentation was carried out to study the viscoelastic properties of BC hydrogels with various cellulose contents in order to identify the possibility for ear-cartilage replacement [17] ; creep tests were used to investigate time-dependent rheological behaviour at various stress levels [18] . Prediction of mechanical behaviour using an appropriate model is a key for an in-depth understanding of responses to various loading regimes. A classic generalized Maxwell viscoelastic model with a spring/dashpot combination is widely used for this. A modified model combining parallel sets spring/dashpot and a dashpot in series was developed to describe cyclic creep behaviour of a cellulose-based material [19] .
A hypothesis to use spring/dashpot combinations in description of viscoelastic behaviour is based on assumption that materials are elastic-viscoelastic [20] . The spring and dashpot components describe physical phenomena underpinning viscoelastic behaviour; still, their inconvenience is related to challenges linked to obtaining analytical formulas for an inverse transform in a Fourier or Laplace domain. Consequently, only some specific cases have a desired solution, making this approach not sufficiently flexible. Alternatively, Scott Blair and Coppen [21, 22] and Rabotnov [23] suggested to use fraction-exponential operators to describe viscoelastic behaviour and demonstrated their advantages of sufficient accuracy in description of experimental data of real materials together with convenience of solving analytical Laplace transformations. Thanks to that, the use of fraction-exponential operators in recent years attracted a growing interest in the field of solid mechanics, especially mechanics of heterogeneous materials [24, 25, 26, 27] .
Hence, in this paper, a combined approach, including mechanical testing, micro-morphological observations and analytical description with fraction-exponential operators, was used to investigate through-thickness stress relaxation behaviour of a multi-layered BC hydrogel. Our results show that the studied BC hydrogel has typical stress-relaxation behaviour along its through-thickness direction. The extent of layer aggregation dominates this behaviour at increased force levels. The fraction-exponential operators are effective, sensitive and flexible in description of compressive through-thickness stress-relation behaviour of the multi-layered fibrous hydrogel, reflecting a good potential of this technique for analysis of such behaviour at low and high force levels.
Fraction-exponential operators
A brief introduction into fraction-exponential formulism for description of time-dependent behaviour is given here; for its details can be found elsewhere [18] . To describe viscoelastic properties of the material, an integral form of the respective governing equation is used: 
where
where 0 µ is instantaneous shear modulus, and
is the creep kernel.
Fraction-exponential functions are used to model this kernel, and details can be found in our previous work [18] . Then, creep and stress relaxation behaviour can be described by fractional-exponential operators:
where β α, and λ are material constants, satisfying the following conditions:
3. Material and method
Synthesis of bacterial cellulose hydrogel
Gluconacetobacter xylinum (ATCC53582) was used for bio-synthesis of the studied BC hydrogel. The bacterium was cultured in a Hestrin and Schramm (HS) medium, which was composed of 2 wt.% glucose, 0.5 wt.% yeast extract, 0.5 wt.% peptone, 0.27 wt.% disodium phosphate, and 0.15 wt.% citric acid. After incubating statically for 7 days at 30°C, resulting in thickness of the BC hydrogel in the range approximately from 3 mm to 5 mm, the BC hydrogel was dipped into deionized (DI) water for 2 days, and then steamed by boiling in a 1 wt.% NaOH solution for 30 mins to eliminate bacteria and proteins. Afterwards, samples of the BC hydrogel ( Fig. 1a) were purified by washing in DI water until their pH value approached 7, and then were stored in DI water at 4°C.
Compressive stress-relaxation tests
Cylinder-shape specimens for compressive stress-relaxation tests were cut with a standard hollow punch with inner diameter of 20 mm ( 
3.3.Micro-morphological observations
Microstructure of the studied BC hydrogel at various force levels is vital to understand its stress-relaxation behaviour. In this study, cylinder-shape specimens were first compressed to force levels of 1 N, 25 N and 200 N. Then, water in compressed specimens was removed in a freeze-dryer in order to maintain the structure. The resulting fibrous structure was observed with field emission-gun scanning electron microscopy.
Assessment of fraction-exponential parameters
An algorithm developed in MATLAB allowed us to fit the experimental data of stress relaxation with the fraction-exponential formulism. The implementation of Mittag-Leffler function available in MATLAB CENTRAL was used to approximate a stress-strain relation,
The magnitude of 0 µ was found as
Values of the remaining parameters -λ , α and β -were approximated with a nonlinear least-square method. In our case, this was performed using a MATLAB lsqnonlin function with initial guesses of −0.5, −0.1, and − 0.0005, respectively. The accuracy of approximation was calculated with Resnorm that is 2 -norm of fit to present the accuracy of curve fitting, defined as 
Results and Discussion
Through-thickness compressive stress-relaxation (stress-time) curves for the studied BC hydrogel are shown in Fig. 3 for four force levels (pre-relaxation domains are omitted). The hydrogel demonstrates typical stress-relaxation behaviour; its stress decay rate is extremely high at the beginning of relaxation for each force level. As a result, the specimens for all the force levels demonstrated a stress-relaxation time of less than 100 s; an inset in Fig. 3 presents the behaviour for a time period from 0 to 300 s. The time required for full relaxation (when stress approaches equilibrium) grows with the increased initial force. At each force level, the stress level declined by over 80% before reaching a static state. Because of the free-water content, the high level of stress decay could be the result of water movement.
The lack of knowledge of structure-function relationships is mainly due to a challenge in observations of microstructural changes under deformation, especially for nano-fibrous systems in aqueous environment. To achieve understanding of mechanisms underpinning compressive stress relaxation, an additional study of compression of the BC hydrogel was performed; also morphology of its layered structure along through-thickness direction was obtained for force levels of 1 N, 25 N and 200 N.
A typical through-thickness compressive behaviour of the BC hydrogel is presented in Fig. 4a .
Beyond the force level of 25 N, stress increased with an extremely high rate. From micro-morphological observations, the cross-sectional structure of fibrous layers can be easily recognized at force level of 1 N (Fig. 4b) . By increasing compressive loading to 25 N, some fibrous layers were compacted closely while others were not, demonstrating non-uniformity of a through-thickness compaction process (Fig. 4c) . When the compressive load continuously increased to 200 N, most layers were fully compacted (Fig. 4d) .
The compressive results with micro-morphological observations suggested a process of layer aggregation. Compressive load attempted to press water out and compact layers. During the stage of force increasing from 0 to 25 N, compressive deformation changed swiftly since fibrous layers pressed free water out, and the behaviour was mostly defined by the flow process.
When the force reached 25 N, a drastic stiffening process occurred resulting from the aggregation of fibrous layers ( Fig. 4c-d) . In stress-relaxation, all the studied force levels (25 - 200 N) are located in this region; hence, it is assumed that performance of fibrous layers dominates the studied stress-relaxation behaviour rather than the process of squeezing water out of the specimens.
The obtained experimental results were used to develop the fraction-exponential model of hydrogel's viscosity. Since the BC hydrogel shows potential replacement of blood vessels, skin, etc., a description of its compressive stress-relaxation behaviour with good accuracy is desirable. At low forces -25 N and 50 N, the model did not show good agreement at the stages of stress decay and stress equilibrium. The potential reason for this is that, at such loading regimes, not all the fibrous layers were fully compacted, and thereby, there was still some free water moving free and reducing potential energy of the entire system. As a result, the resulting stress relaxation time was relatively short. With the increased force level, the fraction-exponential model showed a growing accuracy in description of stress relaxation when it approached equilibrium, indicating that the stress applied to the solid phase of fibres contributed more to the material's response than water movement. At the force level of 100 N, a fitting curve almost coincided with the experimental one after 150 s, reflecting that beyond the force level of 100 N, almost all the fibrous layers were compacted. At the highest force level of 200 N, the model achieved an almost perfect description of through-thickness stress-relaxation behaviour. So, with the increased force level, the effect of water motion reduced until becoming effectively negligible.
Hence, it is suggested that compressive stress relaxation behaviour of multi-layered hydrogels is dominated by water movement and layer aggregation at low-and high-force levels, respectively; thereby, it is reasonable to study such behaviours separately at low-force (25 N and 50 N, in our case) and high-force (100 N and 200 N) levels. As shown in Fig. 7 , implementation o0f this approach with the fraction-exponential model shows good agreement with observed stress-relaxation behaviours, especially at stage of stress decay at low-force level (Figs. 7a-b) and at stage of stress equilibrium at high-force level (Figs. 7c-d) . The respective parameters are summarized in Tab. 3. At low-force level, the model can accurately describe a process when water movement reduces the potential energy of the whole system; while, at high-force level, it perfectly reflects a quasi-static state when fibre-layers bear most stress.
Conclusions
Through-thickness compressive behaviour of multi-layered hydrogels is of vital importance for real-life biomedical applications. This study experimentally determined time-dependent Table 3 : Determined fraction-exponential parameters of various µ 0 , and constant λ, α and β, and Resnorm R for low-force (25 N and 50 N) and high-force (100 N and 200 N) levels
